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Introduction {#sec001}
============

Snake envenoming is responsible for considerable mortality and morbidity worldwide. The highest burden of snakebite exists in tropical regions of Asia (*i*.*e*. South Asia and Southeast Asia), Papua New Guinea, African countries and Latin America \[[@pone.0227122.ref001]\]. Kraits (*Bungarus* sp.) are medically important snakes in Asia that are found throughout the Indian subcontinent, most parts of Southeast Asia and Southern China. The Malayan krait (*Bungarus candidus*) is found in Peninsular Malaysia, Indonesia (Sumatra, Java and Bali), Vietnam and Thailand. It is classified as a category 1 medically important venomous species in Indonesia and Thailand \[[@pone.0227122.ref002],[@pone.0227122.ref003]\]. Interestingly, in Malaysia, *B*. *candidus* is only considered as a category 2 \[[@pone.0227122.ref004]\] species and envenoming is relatively rare \[[@pone.0227122.ref005]\].

The most significant effect of envenoming by *B*. *candidus* is progressive neuromuscular paralysis leading to respiratory failure. Cardiovascular disturbances (*i*.*e*. hypertension, tachycardia and shock) \[[@pone.0227122.ref006]\], myotoxicity, hyponatraemia and rhabdomyolysis have also been reported \[[@pone.0227122.ref007]\]. In addition, myotoxicity and nephrotoxicity were recently reported in experimentally envenomed animals \[[@pone.0227122.ref008]\], which corelated to previous clinical reports from Vietnam \[[@pone.0227122.ref007]\]. Other anomalies such as brain damage due to anoxia, cerebral ataxia, and mydriasis have also been observed in envenomed patients \[[@pone.0227122.ref009]\].

Early antivenom administration and respiratory support are essential for management of systemic *B*. *candidus* envenoming. The Queen Saovabha Memorial Institute (Thai Red Cross Society, Bangkok, Thailand) is the sole manufacturer of *B*. *candidus* antivenom (BCAV). They also produce Neuro Polyvalent Snake antivenom (NPAV) for Southeast Asian elapid envenoming which covers the venoms of *Ophiophagus hannah*, *Naja kaouthia*, *B*. *fasciatus* and *B*. *candidus* \[[@pone.0227122.ref010]\]. It has been reported that BCAV minimizes hospitalization time for *B*. *candidus* bite victims in Thailand \[[@pone.0227122.ref011]\]. Although *B*. *fasciatus* monovalent antivenom (BFAV) has been shown to have neutralizing effects against three specific kraits found in Thailand \[[@pone.0227122.ref012]\], neither BFAV nor BCAV cross neutralized the *in-vitro* skeletal muscle effects of venoms from other *Bungarus* species \[[@pone.0227122.ref013]\]. In addition, administration of antivenom at a higher concentration than recommended was required to prevent *in-vitro* neurotoxic activity \[[@pone.0227122.ref013]\].

Neurotoxicity observed following envenoming by kraits is attributed to the presence of two major types of neurotoxins *i*.*e*. pre- and post-synaptic neurotoxins \[[@pone.0227122.ref014],[@pone.0227122.ref015]\]. Pre-synaptic neurotoxins interrupt neurotransmitter release, synthesis, storage or turnover in the synaptic nerve terminal \[[@pone.0227122.ref016]\], while post-synaptic neurotoxins inhibit the interaction of ACh with the skeletal muscle nicotinic receptor. Proteome analysis of Malaysian *B*. *candidus* venom found that PLA~2~, three-finger toxins (3FTxs) and Kunitz-type inhibitors are the major components \[[@pone.0227122.ref017]\]. In addition, high molecular weight enzymes *i*.*e*. L-amino acid oxidase, hyaluronidase including some unique proteins such as natriuretic peptide, vespryn and serine protease families were detected \[[@pone.0227122.ref017]\].

Geographical variation in venom composition has been shown to have a significant effect on antivenom efficacy \[[@pone.0227122.ref018]--[@pone.0227122.ref020]\]. Previous pharmacological, biochemical and proteomic analyses of several venomous snake species have reported differences in biological activities and composition of venom from the same snake species from different geographical localities \[[@pone.0227122.ref021]--[@pone.0227122.ref023]\]. Even though *B*. *candidus* envenoming is significant in many regions of Southeast Asia, studies regarding geographical variation of *B*. *candidus* venom composition are limited. In this study, we examined potential variations in the venom proteomic and pharmacological activity of venoms from *B*. *candidus* specimens collected from three different geographical localities i.e. Indonesia, Malaysia and Thailand. The efficacy of BCAV from QSMI against the *in-vitro* neurotoxicity caused by these venoms was also evaluated.

Material and methods {#sec002}
====================

Animal ethics and care {#sec003}
----------------------

Male Leghorn chicks (*Gallus gallus domesticus*) (4--10 days old) were purchased from a local poultry hatchery (Bangkok, Thailand) and kept in a well-lit cage with access to food and drinking water *ad libitum*. Approvals for all experimental procedures were granted from the Subcommittee for Multidisciplinary Laboratory and Animal Usage of Phramongkutklao College of Medicine (Documentary Proof of Ethical Clearance no: IRBRTA 222/2562) in accordance with the U.K. Animal (Scientific Procedure) Act, 1986 and the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).

Venom preparation and storage {#sec004}
-----------------------------

Indonesian *B*. *candidus* venom (BC-I) was a gift from PT BioFarma Bandung, Indonesia. The venom was milked from several specimens caught in West Java, Indonesia. Malaysian *B*. *candidus* venom (BC-M) was milked from 10 specimens captured in Northwest Peninsular Malaysia. The specimens were milked 3 times with interval of 3 weeks between milking before being released at the area of capture. The research permit for Malaysian *B*. *candidus* was provided by the Department of Wildlife and National Parks, Government of Malaysia (Permit no.: HQ-0067-15-70). *B*. *candidus* Thailand (BC-T) venom was purchased from Snake Farm of Queen Saovabha Memorial Institute (QSMI) of the Thai Red Cross Society, Bangkok. The venoms were extracted from 3 specimens captured in Nakhon Si Thammarat, Southern Thailand. *B*. *candidus* venom from each locality was pooled before being frozen and freeze-dried. Freeze-dried venom samples were weighed, labeled and stored at -20°C prior to use. When required, the venoms were weighed and dissolved in distilled water. Dissolved venoms were kept on ice during experiments.

Protein concentration {#sec005}
---------------------

Venom protein was determined using a BCA Protein Assay Kit (Pierce Biotechnology; Illinois, USA) as per manufacturer's instructions. In brief, 25 μL of venom was loaded onto a 96-well plate in triplicate. Then 200 μL of reagent buffer mix was added to each well. The plate was incubated at 37°C for 30 min, then read at 562 nm using an ELISA plate reader spectrophotometer (Enspire^®^ multimode plate reader, Waltham, MA, USA). Protein concentration of the venom was determined from the standard curve.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS--PAGE) {#sec006}
----------------------------------------------------------------------

Venoms (10 μg) in reducing and non-reducing sample buffers were resolved and electrophoresed at 90 V in 12% separating gel with 5% stacking gel using the method previously described \[[@pone.0227122.ref024]\]. Protein bands were visualized by staining with X-Press Blue Protein Stain (Himedia, LBS. Marg, Mumbai, India), followed by de-staining using distilled water. TriColor Broad Protein Ladder (Biotechrabbit GmbH, Henigsdorf, Germany) was electrophoresed in the gel as protein molecular weight marker. The gel was scanned using Chemi Imager, Alliance Mini HD9 Auto (UVITEC, Cambridge UK) and analyzed using ImageJ software \[[@pone.0227122.ref025]\].

Western blot {#sec007}
------------

Venoms (10 μg) were resolved on a 12% SDS-PAGE gel and transferred onto a PVDF membrane (Merck Millipore, Billerica, MA, USA) using wet electroblotting (Cleaver Scientific, Warwickshire, UK) at 300 mA for 45 min. The membrane was then blocked in 5% skim milk in TBST (20 mM Tris, 0.5 M NaCl, 0.5% Tween-20) to prevent non-specific binding and then incubated with primary antibody (BCAV diluted 1:500-fold in TBST with 5% skim milk) overnight at 4˚C. The membrane was then washed three times for 30 min with TBST buffer. Immunoreactive bands were visualised using appropriate secondary antibodies (goat-anti-horse-IgG-HRP, Santa Cruz Biotechnology, Dallas, TX, USA) and western chemiluminescence ECL detection reagent (Cyanagen Srl; Bologna, Italy). The membrane was scanned using Chemi Imager, Alliance Mini HD9 Auto (UVITEC, Cambridge UK).

Reverse-phase HPLC {#sec008}
------------------

Venoms (100 μg) were dissolved in Milli-Q grade water at a final concentration of 1 mg/ml before being centrifuged at 10,000 rpm for 5 min. The supernatants (20 μL) were loaded into a Jupiter 5 μm C18 300 Å reverse phase column (Phenomenex, Torrance, CA, USA) mounted on an Agilent 1260 Infinity high pressure liquid chromatography system (Agilent Technologies, Santa Clara, CA, USA). The column was equilibrated with 0.1% trifluroacetic acid in water (solution A) and the peaks were eluted from the column with 90% acetonitrile in 0.1% trifluroacetic acid in water (solution B) using the following gradient; 15% solution B from 0--10 min, 15--80% solution B from 10--70 min and 80--100% solution B from 70--80 min at flow rate of 1 ml/min. The eluted peaks were monitored at 214 nm using ChemStation software (Agilent Technologies, Santa Clara, CA, USA). Fractions corresponding to peak elution were manually collected.

In-solution digestion of collected fractions {#sec009}
--------------------------------------------

Ammonium bicarbonate (25 μL of 100 mM), trifluroethanol (25 μL) and DTT (1 μL of 200 mM) were added into vials containing freeze-dried fractions. The mix was then briefly vortexed, centrifuged and incubated at 60°C for 1 h. Iodoacetamide (4 μL of 200 mM) was added into the tubes and left for 1 h in the dark. Then, 1 μL of DTT was added into the tubes and left for 1 h at room temperature. The sample pH was adjusted to 7--9 using Milli-Q water and 100 mM ammonium bicarbonate before trypsin addition. The vials were then incubated overnight at 37°C. The trysin reaction was stopped at the end of the incubation using 1 μL of formic acid. The samples were dried using a vacuum concentrator and stored at -20°C prior to analysis. The sample was re-dissolved by adding 10 μL of 0.1% formic acid into each sample tube before being vortexed and centrifuged prior to loading into an ESI-LCMS/MS system.

Nanoflow liquid chromatography-ionization coupled with mass spectrometry/mass spectrometry (ESI-LCMS/MS) {#sec010}
--------------------------------------------------------------------------------------------------------

Digested sample (1 μL) was loaded into an Agilent C18 300 Å Large Capacity Chip (Agilent Technologies, Santa Clara, USA) mounted on an Agilent 1200 HPLC-Chip/MS Interface, coupled with Agilent 6550 iFunnel Q-ToF LC/MS (Agilent Technologies, Santa Clara, USA). The flow rate was set at 4 μL/min for the capillary pump and 0.5 μL/min for the nano pump. The column was equilibrated with 0.1% formic acid in water (solution A) and digested peptides were eluted with an increasing gradient of 90% ACN in 0.1% formic acid using the following gradient; 0--75% from 0 to 30 min and 75% for 4 min. The mass spectrometry was set at positive ion polarity mode. The capillary voltage was set at 2050 V and the fragmentor voltage was set at 360 V. The drying gas flow was set at 5 L/min and gas temperature at 325°C.

Main venom protein identification {#sec011}
---------------------------------

Venom proteins were identified using PEAK Studio (version 7.0, Bioinformatics Solution, Waterloo, Canada). The homology search was conducted by comparing de novo sequence tag with UniProt Serpentes database from July 2017. Carbamidomethylation was set as the fixed modification and trypsin as the digestion enzyme. Parent mass error tolerance and fragment mass error tolerance were set at 0.1 Da. Protein was accepted if they fulfilled the following criteria; the maximum number of missed cleavages and maximum variable pot-translational modification per peptide is 3, false detection rate (FDR) is less than 0.1%, the minimum value for protein -10logP is 30 and the minimum number of unique peptides is 2.

Chick biventer cervicis nerve-muscle preparation {#sec012}
------------------------------------------------

Male chicks (4--10 days old) were killed by asphyxiation using CO~2~ and the biventer cervicis nerve-muscles removed. The tissues were mounted in 5 ml organ baths containing physiological salt solution (118.4 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO~4~, 1.2 mM KH~2~PO~4~, 2.5 mM CaCl~2~, 25 mM NaHCO~3~ and 11.1 mM glucose). The solution was maintained at 34°C and bubbled with carbogen (95% O~2~ and 5% CO~2~) under 1 g resting tension. The tissues were indirectly stimulated every 10 s for a duration of 0.2 ms at supramaximal voltage using a Grass SD9 stimulator. *d*-Tubocurarine (dTC; 10 μM) was added to the organ bath when muscle twitches were consistent, and the subsequent abolition of twitches confirmed the selective stimulation of the motor nerve. Responses to nerve stimulation were re-established by thorough washing. Contractile responses to the nicotinic receptor agonists, acetylcholine (ACh; 1 mM for 30 s) and carbachol (CCh; 20 μM for 60 s), and a membrane depolarizing agent, potassium chloride (KCl; 40 mM for 30 s) were obtained in the absence of electrical stimulation. The preparations were then equilibrated for at least 30 min with continuous nerve stimulation (as described above) before addition of venom. In all experiments, venom (3--10 μg/ml) was left in contact with the preparation until responses to nerve stimulation were abolished or up to 4 h if total twitch blockade did not occur. Twitch responses were measured following the addition of venom using Grass force displacement transducers (FT03) and recorded using a MacLab System. Time taken to reduce the amplitude of the indirect twitches by 90% (*t*~*90*~) was used as a quantitative measure of *in-vitro* neurotoxicity.

Determination of PLA~2~ Activity {#sec013}
--------------------------------

PLA~2~ activity for each *B*. *candidus* venom was determined using a secretory PLA~2~ colourmetric assay kit (Cayman Chemical, USA) according to manufacturer's instructions. In brief, the 1, 2-dithio analog of diheptanoyl phosphatidylcholine was used as a substrate for venom PLA~2~ enzymes. Free thiols generated following the hydrolysis of the thio ester bond at the *sn*-2 position by PLA~2~ are detected using DTNB (5, 5'-dithio-bis-(2-nitrobenzoic acid)). The change of absorbance was monitored at 405 nm using a plate reader spectrophotometer (EnSpire® Multimode Plate Reader, Perkin Elmer, USA). The absorbance was sampled every minute for 10 min period. PLA~2~ activity was expressed as micromoles of phosphatidylcholine hydrolyzed per minute per milligram of enzyme. Three separate determinations of PLA~2~ activity were done in triplicate for all samples including positive control, bee venom (*n* = 3).

Chemicals and drugs {#sec014}
-------------------

Monovalent *B*. *candidus* antivenom (BCAV; Lot No.: BC00115; Expiry date: 30-1-2020) was purchased from Queen Saovabha Memorial Institute (QSMI) of the Thai Red Cross Society, Bangkok, Thailand. The following drugs and consumables were purchased from Sigma Aldrich (St. Louis, MO, USA): ACh, CCh, *d*-tubocurarine, formic acid, NaCl, KCl, MgSO~4~, KH~2~PO~4~, CaCl~2~, NaHCO~3~ and glucose. HPLC-grade and LCMS-grade acetonitrile were purchased from Fisher Scientific (Loughborough, Leicestershire, UK).

Data analysis and statistics {#sec015}
----------------------------

Statistical analysis was performed using Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). Twitch height and contractile responses to agonists were expressed as a percentage of the corresponding value prior to the administration of venoms. Multiple comparisons were made using a one-way analysis of variance (ANOVA) followed by a Bonferroni multiple comparison test. Values of *P* \< 0.05 were accepted as significant. Data were expressed as mean ± SEM.

Results {#sec016}
=======

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS--PAGE) and Western blot {#sec017}
---------------------------------------------------------------------------------------

*B*. *candidus* venoms from Thailand (BC-T), Malaysia (BC-M) and Indonesia (BC-I) were resolved in a gel under reducing and non-reducing conditions ([Fig 1A](#pone.0227122.g001){ref-type="fig"}). SDS-PAGE analysis of venoms shows that there were differences in intensity and pattern of protein bands ([Fig 1A](#pone.0227122.g001){ref-type="fig"}). BC-M venom possessed a greater number of protein bands compared to BC-I and BC-T venom. Thick and high intensity bands were observed in the MW range below 17 kDa in reduced and non-reduced BC venom. No protein bands were observed within the range of 25--35 kDa in reduced and non-reduced BC-I and BC-T venoms ([Fig 1A](#pone.0227122.g001){ref-type="fig"}). Densitogram for the lanes loaded with BC-M ([Fig 2B](#pone.0227122.g002){ref-type="fig"}) showed that 12 peaks were detected in reduced sample whereas 14 peaks were detected in non-reduced sample. In reduced BC-T ([Fig 2A](#pone.0227122.g002){ref-type="fig"}), 8 peaks were detected and 7 peaks in BC-I ([Fig 2C](#pone.0227122.g002){ref-type="fig"}). The number of peaks detected in non-reduced BC-T and BC-I is 6 and 8, respectively ([Fig 2A and 2C](#pone.0227122.g002){ref-type="fig"}). Western blot analysis showed that BCAV was able to detect most proteins in venoms from all localities ([Fig 1B](#pone.0227122.g001){ref-type="fig"}).

![(A) SDS-PAGE and (B) Western immunoblotting of *B*. *candidus* venoms on a 12% separating gel with 5% stacking gel. Venoms were treated in reducing (R) or non-reducing buffer (N) prior to loading, electrophoresis, and stained with Coomassie Blue. T indicates *B*. *candidus* venom from Thailand, M indicates *B*. *candidus* venom from Peninsular Malaysia and I indicates *B*. *candidus* venom from Indonesia. (R) indicates venom treated with reducing sample buffer and (N) indicates venom treated with non-reducing sample buffer. Western immunoblotting of reduced *B*. *candidus* venoms incubated with monovalent *B*. *candidus* antivenom. [**m**]{.ul} is molecular weight marker.](pone.0227122.g001){#pone.0227122.g001}

![Densitogram for loaded lanes in SDS-PAGE:(A) Lanes loaded with BC-T, (B) Lanes loaded with BC-M and (C) Lanes loaded with BC-I.](pone.0227122.g002){#pone.0227122.g002}

Effect of venoms on the chick biventer cervicis nerve-muscle preparation {#sec018}
------------------------------------------------------------------------

*B*. *candidus* venoms (3 and 10 μg/ml) from all localities caused a significant reduction in twitch height compared to vehicle (i.e. BSA) ([Fig 3A and 3C](#pone.0227122.g003){ref-type="fig"}: *n* = 4). At 10 μg/ml ([Fig 3A](#pone.0227122.g003){ref-type="fig"}), geographical variants did not show significant difference in the time required for the twitches to be reduced by 90% (i.e. *t*~*90*~ \~ 10 min, [Table 1](#pone.0227122.t001){ref-type="table"}). At a concentration of 3 μg/ml ([Fig 3C](#pone.0227122.g003){ref-type="fig"}), the effects of BC-M venom were significantly slower (i.e. *t*~90~ = 36.0 ± 4.1 min) compared to BC-T (*t*~90~ = 22.0 ± 1.6 min) and BC-I (*t*~*90*~ = 14.2 ± 0.5 min). All three venoms at 3 and 10 μg/ml abolished contractile responses to exogenous ACh (1 mM) and CCh (20 μM), but had no significant effect on responses to KCl (40 mM) ([Fig 3B and 3D](#pone.0227122.g003){ref-type="fig"}). Vehicle had no significant inhibitory effect on the contractile responses to exogenous agonists (*n* = 4; one-way ANOVA, *P* \< 0.05).

![Effect of *B*. *candidus* venoms at 10 μg/ml (A.) and 3 μg/ml (C.) on indirect twitches of the chick biventer cervicis nerve-muscle preparation including responses to exogenous agonists (B and D). \* significantly different from vehicle control; \*\*\* significantly different from vehicle control in twitch height of all three *B*. *candidus* venoms; ϕ significantly different from BC-I (*n* = 4, one-way ANOVA, *P* \< 0.05).](pone.0227122.g003){#pone.0227122.g003}

10.1371/journal.pone.0227122.t001

###### Comparison of elapid venom PLA~2~ activity and the time taken to cause 90% inhibition of nerve-mediated twitches (*t*~90~ values); N/A: Not available.

![](pone.0227122.t001){#pone.0227122.t001g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  venom                                     PLA~2~ activity\                                    *t*~90~ at 3 μg/ml\                              *t*~90~ at 10 μg/ml\
                                            (μmol/min/mg)                                       (min)                                            (min)
  ----------------------------------------- --------------------------------------------------- ------------------------------------------------ ---------------------------------------------------
  *B*. *candidus* venom: Indonesia (BC-I)   3041 ± 128 (*n* = 3)                                14.2 ± 0.5 (*n* = 4)                             8.8 ± 0.5 (*n* = 4)

  *B*. *candidus* venom: Malaysia (BC-M)    3225 ± 233 (*n* = 3)                                36.0 ± 4.1 (*n* = 4)                             10.3 ± 0.5 (*n* = 4)

  *B*. *candidus* venom: Thailand (BC-T)    5694 ± 815 (*n* = 3)                                22.0 ± 1.6 (*n* = 4)                             9.0 ± 1.4 (*n* = 4)

  *B*. *fasciatus* venom:\                  77.2 ± 4.9 (*n* = 3) \[[@pone.0227122.ref014]\]     N/A                                              22.5 ± 5.0 (*n* = 3--4)\[[@pone.0227122.ref013]\]
  Malaysia                                                                                                                                       

  *O*. *scutellatus* venom:\                N/A                                                 95.7 ± 8.7 (*n* = 4)\[[@pone.0227122.ref029]\]   63.5 ± 5.7 (*n* = 4)\[[@pone.0227122.ref029]\]
  Australia                                                                                                                                      

  *O*. *scutellatus* venom:\                373.0 ± 32.6 (*n* = 3) \[[@pone.0227122.ref033]\]   N/A                                              44.0 ± 5.0 (*n* = 4)\[[@pone.0227122.ref028]\]
  Papua New Guinea                                                                                                                               

  *P*. *textilis* venom:\                   N/A                                                 24.1 ± 1.7 (*n* = 4)\[[@pone.0227122.ref029]\]   10.7 ± 1.1(*n* = 4)\[[@pone.0227122.ref029]\]
  Australia                                                                                                                                      

  Bee venom                                 536 ± 16 (*n* = 3)                                  N/A                                              N/A
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Antivenom studies {#sec019}
-----------------

Pre-incubation of BCAV at 1x the recommended titer (1 mL per 0.4 mg of *B*. *candidus* venom) for 10 min prior to the addition of *B*. *candidus* venoms (3 μg/ml) significantly delayed inhibition of twitch height in the chick biventer ([Fig 4A, 4C and 4E](#pone.0227122.g004){ref-type="fig"}: *n* = 4; one-way ANOVA, *P* \< 0.05) and also prevented the inhibitory effect of venoms on contractile responses to exogenous nicotinic receptor agonists ([Fig 4B, 4D and 4F](#pone.0227122.g004){ref-type="fig"}). However, BCAV (3x recommended titer) did not reverse twitch inhibition when added at the *t*~*90*~ time point ([Fig 4A, 4C and 4E](#pone.0227122.g004){ref-type="fig"}). Interestingly, addition of BCAV at *t*~*90*~ in tissue that was exposed to BC-T (3 μg/ml) restored the contractile responses to ACh and CCh ([Fig 4F](#pone.0227122.g004){ref-type="fig"}; *n* = 4; one-way ANOVA, *P* \< 0.05).

![Effect of prior addition of *B*. *candidus* antivenom (BCAV; 1x the recommended titre) on indirect twitches in the presence of BC-I (A), BC-M (C) and BC-T (E). The contractile responses to exogenous agonists (i.e. ACh, CCh and KCl) of the chick biventer cervicis nerve-muscle preparation in the presence of BC-I (B), BC-M (D) and BC-T (F). \* significantly different from *B*. *candidus* antivenom alone (*n* = 4, one-way ANOVA, *P* \< 0.05).](pone.0227122.g004){#pone.0227122.g004}

Reverse-phase high performance liquid chromatography (RP-HPLC) {#sec020}
--------------------------------------------------------------

*B*. *candidus* venoms were profiled using RP-HPLC to determine differences in venom composition. Marked differences in chromatogram of venom profiles ([Fig 5A--5C](#pone.0227122.g005){ref-type="fig"}) were detected as the followings; 12 peaks were eluted for BC-I ([Fig 5A](#pone.0227122.g005){ref-type="fig"}), 13 peaks for BC-M ([Fig 5B](#pone.0227122.g005){ref-type="fig"}) and 18 peaks for BC-T venom ([Fig 5C](#pone.0227122.g005){ref-type="fig"}).

![RP-HPLC chromatogram of (A) *B*. *candidus* venom from Bandung, Indonesia; BC-I (B), *B*. *candidus* venom from Peninsular Malaysia; BC-M and (C) *B*. *candidus* venom from Nakhon Si Thammarat, Southern Thailand; BC-T: run with the same conditions on a Jupiter analytical column, equilibrated with 0.1% trifluoroacetic acid in water (solution A) and eluted with solvent B (90% acetonitrile in 0.1% trifluoroacetic acid in water) using the following gradient; 15% solution B from 0--10 min, 15--80% solution B from 10--70 min and 80--100% solution B from 70--80 min at flow rate of 1 ml/min.](pone.0227122.g005){#pone.0227122.g005}

Identification of main venom proteins {#sec021}
-------------------------------------

Thirty-three proteins were detected in BC-T venom ([S3 Table](#pone.0227122.s003){ref-type="supplementary-material"}) whereas 14 proteins were detected in BC-I venom ([S2 Table](#pone.0227122.s002){ref-type="supplementary-material"}) and 9 proteins in BC-M venom ([S1 Table](#pone.0227122.s001){ref-type="supplementary-material"}). Three groups of proteins were detected in all 3 geographical variants, namely; three finger toxins (3FTx), PLA~2~s and Kunitz-type serine protease inhibitors (PI) ([Fig 6](#pone.0227122.g006){ref-type="fig"}). In addition to these 3 groups, L-amino acid oxidase (LAAO), cysteine rich secretory protein (CRISP) and snake venom metalloproteinase (SVMP) were also detected in BC-T venom ([Fig 6](#pone.0227122.g006){ref-type="fig"}). Interestingly, thrombin-like enzyme (TLE) was only detected in BC-T venom. 3FTx's were the main venom protein group in all 3 venoms ([Fig 6](#pone.0227122.g006){ref-type="fig"}). Close examination of the 3FTx group showed that short-chain neurotoxins were not detected in the venoms ([S1 Table](#pone.0227122.s001){ref-type="supplementary-material"}, [S2 Table](#pone.0227122.s002){ref-type="supplementary-material"}, [S3 Table](#pone.0227122.s003){ref-type="supplementary-material"} and [Fig 7](#pone.0227122.g007){ref-type="fig"}). BC-T venom contained the highest number of detected long-chain neurotoxins and non-conventional toxins compared to BC-I and BC-M venoms ([Fig 7](#pone.0227122.g007){ref-type="fig"}). Alpha-bungarotoxins and beta-bungarotoxin subunits were detected in all 3 venoms ([S1 Table](#pone.0227122.s001){ref-type="supplementary-material"}, [S2 Table](#pone.0227122.s002){ref-type="supplementary-material"}, [S3 Table](#pone.0227122.s003){ref-type="supplementary-material"}).

![Number and group of venom proteins detected in Malayan krait from 3 different localities.\
3FTx: three finger toxins, PLA~2~: phospholipase A~2~, LAAO: L-amino acid oxidase, CRISP: cysteine rich secretory protein, TLE: thrombin-like enzyme, SVMP: snake venom metalloproteinase, PI: Kunitz-type serine protease inhibitors.](pone.0227122.g006){#pone.0227122.g006}

![Three finger toxins detected in venom from three different localities.](pone.0227122.g007){#pone.0227122.g007}

PLA~2~ activity {#sec022}
---------------

BC-T was found to have the highest PLA~2~ activity (5694 ± 815 μmol/min/mg; *n* = 3, [Table 1](#pone.0227122.t001){ref-type="table"}). Whereas, PLA~2~ activity for BC-I and BC-M venoms was 3041 ± 128 and 3226 ± 233 μmol/min/mg (*n* = 3), respectively. The PLA~2~ activity for the positive control, i.e. bee venom, was 536 ± 16 μmol/min/mg (*n* = 3, [Table 1](#pone.0227122.t001){ref-type="table"}).

Discussion {#sec023}
==========

*Bungarus candidus* is an endemic krait species in South East Asia. Severe neurotoxic and non-neurotoxic effects are observed following envenoming by *B*. *candidus* in Indonesia and Thailand \[[@pone.0227122.ref003],[@pone.0227122.ref026]\]. However, Malaysian *B*. *candidus* envenoming is not known to cause significant non-neurotoxic effects \[[@pone.0227122.ref027]\]. This is partly because *B*. *candidus* envenoming is relatively uncommon in Malaysia compared to Indonesia and Thailand \[[@pone.0227122.ref005]\]. In the present study, we have demonstrated geographical variation in the composition and neurotoxicity of *B*. *candidus* venoms from 3 different localities.

Neurotoxic symptoms *i*.*e*. bilateral ptosis, persistently dilated pupil, limb weakness, breathlessness, hypersalivation, dysphonia and dysphagia are clinically important in the diagnosis and management of *B*. *candidus* envenoming \[[@pone.0227122.ref007]\]. Our data demonstrated that all venoms abolished contractile responses to acetylcholine and carbachol but not KCl ([Fig 3B](#pone.0227122.g003){ref-type="fig"} and [Fig 3D](#pone.0227122.g003){ref-type="fig"}). This indicates the presence of post-synaptic neurotoxins and a lack of myotoxicity in the venoms. Due to the complex regulatory requirements to gain approval for murine LD~50~ evaluations in many countries, determination of *t*~90~ values from the *in-vitro* isolated skeletal muscle preparations is used as an alternative. Based on *t*~*90*~ values, we observed the following order of potency in neurotoxic activity: BC-I\>BC-T\>BC-M ([Table 1](#pone.0227122.t001){ref-type="table"}). Our results are in agreement with previous clinical work reporting the incidence and neurotoxic severity of *B*. *candidus* envenoming in the Southeast Asia \[[@pone.0227122.ref003],[@pone.0227122.ref005],[@pone.0227122.ref026]\].

In the present study, *B*. *candidus* venoms were found to be more potent compared to the venoms from known neurotoxic elapids previously characterized using the same chick-biventer cervicis nerve-muscle preparation in our laboratory ([Table 1](#pone.0227122.t001){ref-type="table"}) \[[@pone.0227122.ref013],[@pone.0227122.ref028],[@pone.0227122.ref029]\]. However, there were no significant differences in neurotoxicity between *B*. *candidus* venoms at a concentration of 10 μg/ml but a significant difference was seen when a lower concentration (i.e. 3 μg/ml) was used. The neurotoxicity of whole venom does not solely depend on the toxicity of each neurotoxin but also on the quantity of each neurotoxin within the venom. Hence, at lower concentrations of whole venom, the quantity of each neurotoxin in the venom becomes more significant \[[@pone.0227122.ref023]\].

PLA~2~ toxins contribute to several pharmacological activities including neurotoxicity, myotoxicity, anticoagulation, smooth muscle relaxation/hypotension and hypersensitivity. However, the enzymatic activity of PLA~2~ is not completely related to its pharmacological activities \[[@pone.0227122.ref030],[@pone.0227122.ref031]\]. Individual PLA~2~ enzyme display their own particular action \[[@pone.0227122.ref032]\]. PLA~2~ analysis indicates that BC-T venom contains by far the most PLA~2~ activity among tested venoms. It also has the highest number of PLA~2~ based on LC-MS results. Moreover, all *B*. *candidus* venoms also exhibited higher enzymatic activity compared to our previous data of *B*. *fasciatus* \[[@pone.0227122.ref014]\] and *O*. *scutellatus* \[[@pone.0227122.ref033]\] venoms. Our data also indicate that the degree of PLA~2~ activity in *B*. *candidus* venoms did not correlate with their order of neurotoxicity ([Table 1](#pone.0227122.t001){ref-type="table"}).

Administration of BCAV or NPAV is the recommend treatment for systemic *B*. *candidus* envenoming. These antivenoms were found to be effective in reducing hospitalization and morbidity caused by *B*. *candidus* envenoming in Thailand \[[@pone.0227122.ref003],[@pone.0227122.ref011]\]. NPAV was found to be effective in neutralizing Indonesian and Malaysian *B*. *candidus* when tested *in vivo* \[[@pone.0227122.ref010],[@pone.0227122.ref034]\]. In addition, it has been shown that monovalent *B*. *fasciatus* antivenom is not effective in preventing *B*. *candidus*-induced *in vitro* neurotoxicity \[[@pone.0227122.ref013]\]. Unfortunately, there is no literature in the database on *in vivo* study of BCAV and its efficacy compared with NPAV. Geographical variation in venom composition is an important factor that affects the effectiveness \[[@pone.0227122.ref020]\] and quantity \[[@pone.0227122.ref035]\] of antivenom used in envenomed victims. In the present study, we have shown that prior incubation with BCAV, at the recommended titer, markedly delayed inhibition of indirect twitches produced by all *B*. *candidus* venoms. However, when BCAV at 3x recommended titer was added at the *t*~90~ time point, it failed to restore indirect twitches. The inability of antivenom to reverse neurotoxicity is in agreement with previous *in-vitro* studies \[[@pone.0227122.ref013]\], and indicates the likely presence of irreversible presynaptic neurotoxins in the venoms \[[@pone.0227122.ref036]\]. It is also possible that there are unique toxins in BC-M and BC-I which unable to be neutralized by the antivenom. In contrast, contractile responses of the chick biventer preparation to ACh and CCh were restored by the addition of antivenom at the *t*~90~ time point in the presence of BC-T venom. This phenomenon might be due to the high binding capacity of antivenom to the toxins, particularly the postsynaptic toxins in venom from Thailand which was used during the immunization for antivenom production.

Variation in animal venom composition can be classified as geographical, inter-and intra- species or even individual variation \[[@pone.0227122.ref037]--[@pone.0227122.ref039]\]. Proteomic techniques such as SDS-PAGE, liquid chromatography and mass spectrometry are commonly used to determine composition and variation of venom proteins \[[@pone.0227122.ref040]--[@pone.0227122.ref044]\]. Venom composition analysis using SDS-PAGE revealed a complex mixture of proteins with different molecular weights in *B*. *candidus* venoms. BC-M venom showed the greatest number of protein bands with highest intensity in the range between 48--17 kDa. It also has the highest number of peaks in its densitogram. When all venoms were reduced by 2-β mercaptoethanol, a higher number of protein bands within the molecular weight range 10--15 kDa were present. This is likely due to the reduction of multimeric PLA~2~ into individual units and the presence of three-finger toxins \[[@pone.0227122.ref045]\]. Although not many bands were detected in BC-I and BC-T-loaded lanes compared to BC-M in SDS-PAGE, nearly similar band patterns but with lower intensity were seen in Western blot. This indicates that most proteins in BC-M venom were also present in BC-I and BC-T venoms but in lower abundance. Reverse-phase HPLC chromatogram profile of the venoms showed variations in the number of peaks and peak intensity. This showed that the venom composition is unique for each locality. Although BC-M showed the most diverse pattern of protein bands using SDS-PAGE, the number of eluted peaks for BC-M was lower than BC-T. This is most likely due to the presence of similarly hydrophobic molecules but with different molecular weights in BC-M.

The 3FTx family was found to be the main venom protein component in the venoms from all three localities ([Fig 6](#pone.0227122.g006){ref-type="fig"}). The neurotoxic 3FTx can be divided into three subfamilies based on the number of amino acids in their primary sequence and the number of disulfide bonds, i.e. short-chain neurotoxins, long-chain neurotoxins, and non-conventional toxins \[[@pone.0227122.ref046]--[@pone.0227122.ref048]\]. A number of 3FTxs have been isolated from *B*. *candidus* venom i.e. bucandin \[[@pone.0227122.ref049]\], candoxin \[[@pone.0227122.ref050]\] and α-bungarotoxin \[[@pone.0227122.ref051]\]. α-Bungarotoxin is a long-chain 3FTx found in certain species of *Bungarus* \[[@pone.0227122.ref017],[@pone.0227122.ref041],[@pone.0227122.ref043],[@pone.0227122.ref052]\]. In addition, αδ Bungarotoxins (αδ Bungarotoxin 1 and 2) were recently isolated from *B*. *candidus* venom from Thailand and shown to be more active at the interface of α-δ subunits of nicotinic acetylcholine receptors \[[@pone.0227122.ref053]\]. Venoms from all 3 localities showed the presence of multiple isomers of α-bungarotoxin, and short-chain neurotoxins were not detected in all samples ([S1 Table](#pone.0227122.s001){ref-type="supplementary-material"}, [S2 Table](#pone.0227122.s002){ref-type="supplementary-material"}, [S3 Table](#pone.0227122.s003){ref-type="supplementary-material"}). This finding is similar to earlier findings in Malaysian *B*. *candidus* \[[@pone.0227122.ref017]\]. Relatively rapid *in vitro* neurotoxicity of *B*. *candidus* venoms observed in the present study might be due to the inhibitory effect of postsynaptic neurotoxins on nicotinic acetylcholine in the chick biventer cervicis nerve-muscle preparation. The action of snake presynaptic neurotoxin appears to be slower than that of postsynaptic neurotoxins with a latency period up to 1 h \[[@pone.0227122.ref054]\]. Short-chain neurotoxins have been detected in two species of *Bungarus*, i.e. *B*. *fasciatus* \[[@pone.0227122.ref017]\] and *B*. *flaviceps* \[[@pone.0227122.ref043]\]. These two species lineages split earlier than other *Bungarus* species \[[@pone.0227122.ref055],[@pone.0227122.ref056]\] and this could be the reason for the absence of short-chain neurotoxin in more advance *Bungarus* species which have more potent and irreversible neurotoxin components in their venoms \[[@pone.0227122.ref055]\].

In addition to the α-bungarotoxin, *Bungarus* species venoms are known to contain the presynaptic neurotoxin β-bungarotoxin, a type of PLA~2~ neurotoxin. This toxin consists of two protein subunits, i.e. chain A, which is a PLA~2,~ and chain B, a Kunitz-type protease inhibitor subunit. The presence of several Kunitz-types protease inhibitors and PLA~2~ chain A β-bungarotoxins indicates that β-bungarotoxins were present in all three samples. The highest number of PLA~2~ was detected in BC-T venom whereas the highest number of Kunitz-type protease inhibitors were detected in BC-I venom. This indicates that a higher number of β-bungarotoxin isoforms could be present in venom from Thailand and Indonesia compared to venom from Malaysia.

A thrombin-like enzyme that shared sequence similarity with Malayan pit viper thrombin-like enzyme was also detected in the Thailand venom. Similarly, previous work on Malaysian *B*. *candidus* venom did indicate the presence of several serine protease isoforms that showed sequence similarity with serine proteases and thrombin-like enzyme from various viperid species \[[@pone.0227122.ref017]\]. However, case reports of systemic envenoming by Thailand *B*. *candidus* did not indicate the occurrence of coagulopathy in envenomed victims \[[@pone.0227122.ref009],[@pone.0227122.ref027]\]. More work will be needed to confirm the presence of this group of toxins in *B*. *candidus* venom and their role in envenoming. The number of detected venom protein and protein groups from all localities are lower than the number that was reported previously from Malaysian *B*. *candidus* \[[@pone.0227122.ref017]\]. Venom protein groups such as vespryn, trypsinogen, serine protease, nerve growth factor, hyalurodinase and acetylcholinesterase were not detected in the current study in venom from all localities. This is likely due to the variation in the amount of venom sample and equipment used in profiling and fraction collection.

In conclusion, our study confirms geographical variation in the composition of *B*. *candidus* venoms from 3 different localities. This variation may reflect differences of other geographical specific factors such as type of prey, ecology and climate. The knowledge regarding geographical variation of snake venom may provide additional insights into the clinical diagnosis and prediction of envenoming outcomes including a better therapeutic strategy and antivenom in the future.
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BFAV

:   *B*. *fasciatus* monovalent antivenom

BCAV

:   *B*. *candidus* monovalent antivenom

BC-T

:   *Bungarus candidus* from Southern Thailand

BC-I

:   *Bungarus candidus* from Indonesia

BC-M

:   *Bungarus candidus* from Peninsular Malaysia

Ach

:   Acetylcholine

CCh

:   carbachol

KCl

:   potassium chloride

3FTx

:   three finger toxins

PLA~2~

:   phospholipase A~2~

LAAO

:   L-amino acid oxidase

CRISP

:   cysteine rich secretory protein

TLE

:   thrombin-like enzyme

SVMP

:   snake venom metalloproteinase

HPLC

:   High Performance Liquid Chromatography

LCMS

:   Liquid Chromatography Mass Spectrometry
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